In this work, a two-dimensional numerical simulation of the discharge characteristics of helium plasma propagating inside a dielectric tube was performed. A trapezoidal +9 kV pulse lasting 400 ns was applied on a needle electrode set inside the dielectric tube to ignite the discharge. The discharges generated in the tubes with a variable or a constant inner diameter were investigated. The focus of this study was on clarifying the effect of the tube diameter on the discharge structure and dynamics. The comparison of the discharge characteristics generated in dielectric tubes with different diameters was carried out. It was shown that the tube diameter plays a significant role in discharge behavior of plasma propagating in the dielectric tube.
Introduction
Non-equilibrium atmospheric pressure plasmas jets (APPJs) have been extensively investigated because they were widely used in materials processing and plasma biomedicine [1] [2] [3] [4] .
In an APPJ, a discharge is formed in a capillary dielectric tube first by applying sinusoidal or square pulse voltages. Obviously, the behavior of discharge inside dielectric tube will affect the characteristics of plasma jets. Thus, it is critically important to understand the influence of design features (e.g. electrode configuration, tube diameter, and so on) on the physical and chemical processes during discharging [5] .
Herein, the inner diameter of the dielectric tube is an important parameter, it can affect the space and time evolution of the ionization wave front which impacts the discharge characteristics. Recently, numerous experimental and theoretical studies [6] [7] [8] [9] [10] [11] [12] [13] have contributed to a better understanding of the influence of the dielectric tube diameter on the discharges. Jogi et al [6] investigated the influence of the tube diameter on the discharge ignition and sustaining voltage, besides that, this parameter simultaneously has an effect on the nitrogen rotational temperature, helium excitation temperature and electron density. It was found that the ignition and sustaining voltage, the excitation temperature of helium and electron density increases with the decreasing diameter of the tube and that the gas temperature depends weakly on the tube diameter. Subsequently, the effect of the dielectric tube diameter on the velocity of the ionization wave in an APPJ in helium gas flow was investigated experimentally by Talviste et al [7] . The experimental results revealed that the velocity of the ionization wave can be improved by almost an order of magnitude while the tube diameter decreases from 500 to 80 μm. Additionally, Wu et al experimentally investigated the relationship between the average velocity of the propagation of discharge and the tube diameter, the results indicated that the average velocity of the propagation of discharge gradually increases to the maximum, and then decreases as the tube diameter decreases [10] .
Experimental measurements have been further clarified by computational studies. Jansky et al implemented a computational study to demonstrate the influence of the geometrical constraint of the cylindrical tube on the discharge structure and dynamics [11] . The conclusion showed that the tubular structure of the discharge become more distinct and the propagation velocity of the discharge decreases with increasing diameter of the tube, and the influence of the tube become negligible as the tube diameter further increases. Subsequently, Jansky et al presented a research about a pulsed air plasma discharge at atmospheric pressure propagating in a capillary glass tube [13] . The experimental and numerical results showed that the propagation velocity of the discharge increases while the radius of the tube decreases from 300 to 100 μm, and the maximum of velocity can be obtained under the 100 μm tube radius, however, when the tube radius become less than 100 μm, the velocity decreases with the decreasing tube radius in the experiments.
But above all, the above-mentioned results are very useful for understanding the impact of the tube radius, there is also lack of a systematic numerical study of the relationship between the dynamics/structure of discharge and the dielectric tube diameter. More specifically, the importance of the inner diameter on the propagation of the ionization wave in a dielectric tube with a variation of the diameter is indigestible. For traditional APPJs, the discharge is formed in the dielectric tube with internal diameter of ∼mm. Thus the diameters of the APPJs are limited to a few millimeters and they are not convenient for large-scale application. A simple method of improving the size of APPJs is to apply the dielectric tube with an increasing diameter. In this paper, we applied a two-dimensional (axisymmetric) fluid model and investigated the influence of tube diameter on the discharge behavior of helium atmospheric pressure plasma propagating in the dielectric tube.
Model description
The discharge configuration used in this simulation is schematically illustrated in figure 1(a) . The configuration consists of a metallic needle electrode, a 6 cm long dielectric tube and grounded electrodes. The needle electrode is immersed in the dielectric tube. The tip of the needle electrode is a semisphere with a radius of curvature of 65 μm. The inner diameter of the tube is not constant, which increases linearly form 1 mm to ID. The outer diameter of the tube is 12 mm. The relative permittivity of dielectric tube is 4.3, corresponding to the quartz tube in experiments. A 9 kV pulsed dc voltage is applied at the needle electrode to ignite the discharge, as shown in figure 1(b) . The rising and falling edge of the applied voltage is 40 ns, the duration of the voltage is 320 ns, and the pulse interval time is 600 ns. To ensure that the potential decreases down to zero far from the setup, the discharge configuration is placed in a grounded cylinder with a radius of 20 cm and a grounded plane is set at 14 cm far away the dielectric tube exit.
Generally, plasma dynamics is depended on the fluid model, which is based on the species continuity equations (in the drift-diffusion approximation), the electron energy conservation equation, and Poisson's equation for the electrostatic field. The equations and boundary conditions are the same as that used in a previous study [14] . Herein, we assume that the gas temperature is uniform and is set as 300 K. In order to clarify the dynamics characteristics of discharge propagating in a dielectric tube, simplified chemistry reactions including gas-phase reaction and recombination and quenching reactions on surfaces are used in this study. The species considered in the model are He, metastable 
He
* =He(2 3 S 1 ), excimer He 2 * =He 2 (α 3 Σ u ), He + , He 2 + and electrons. Additionally, The reactions and the related rate coefficients used in this simulation are corresponding to those used in [14] .
In this work, we investigated the axisymmetric discharges and developed a two-dimensional fluid model by using cylindrical coordinates (r, z). Firstly, we should determine the full computational domain, and the full computational domain set as a 20 cm×20 cm square. The air outside the dielectric tube is modeled as a dielectric material with dielectric constant of e = 1. r And then, the plasma dynamics model was solved by using a finite element software COM-SOL [15] . During simulations, triangular finite elements were used and meshed the plasma zone with a 0.01 mm mesh size.
Results and discussion
The numerical results based on the model described above were presented and discussed. Firstly, we implemented the simulation of the helium plasma propagating in a dielectric tube with a constant diameter (1 mm). Then, we investigated the dynamics of the helium plasma generated in dielectric tubes with linearly increasing diameters and analyzed the influence of the inner diameter on the discharge characteristics of the helium plasma.
Simulation of discharge in a dielectric tube with 1 mm inner diameter
In this section, we primarily implement a reference helium discharge simulation in a dielectric tube with a constant inner diameter of 1 mm, and the applied voltage and the discharge current flowing in the external circuit are shown in figure 2. As shown, two distinct current pulses within a positive voltage pulse can be observed, and the discharge current exhibits bipolar, which is consistent with the experimental observations in [10] . The positive and negative current pulse appears in the rising and falling front of the voltage pulse, respectively. And the maximal amplitudes of the positive and negative pulses are 0.11 and 0.10 A, respectively. Additionally, the second discharge is generally considered to be related to the residual charges left by the first discharge [16, 17] . Figure 3 shows the evolution of the electron density while the discharge propagates in the dielectric tube with a 1 mm diameter. As present in previous relevant works [11, 13, 18, 19] , the discharge is ignited at the tip of the needle electrode and propagates inside the dielectric tube as a surface ionization wave. At t=20 ns, the peak electron density is a short standoff distance from the inner wall and forms a donut shape in the discharge front, and the radius of the donut-shaped profile decreases as the discharge propagating. At t=200 ns, the structure of the discharge front changes from a donut profile to a solid disk profile, which is in agreement with the experimental phenomenon from [20] . Specifically, while the discharge continually propagates, the width of the discharge front will decrease, and the decrescence in the width of the discharge front can induce the slowdown of the discharge propagation. And we know that the propagation velocity of the discharge is proportional to the width of the space charge layer in the discharge front [21] . Finally, the discharge is quenched when the applied voltage is switched off. In the voltage-off phase, the electron density decreases continuously due to the electron-ion recombination and the quenching processes of the metastable species. The maximum electron density at t=1000 ns reduces by almost two orders of magnitude compared with that at t=400 ns. Figure 4 shows the propagation velocity of the discharge in the direction of axis as a function of axial position. The propagation of the discharge can be divided into three stages. The initial velocity of the discharge is low, but it rapidly increases to about 10 5 m s −1 , and the discharge propagates as an ionization wave. Then, the ionization wave leaves the needle tip, and the increment of the propagation velocity decrease gradually, and until it reaches the maximum velocity of 2.8×10 5 m s
. While the ionization wave propagates about 10 mm axial distance, the velocity of the ionization front decreases as the discharge propagating.
In order to reveal the interaction of the discharge with the dielectric tube, the time evolutions of the axial profiles of (a) the surface charge density s and (b) the radial electric field at the inner surface of the tube are shown in figure 5 . During the discharge propagating in the dielectric tube, the positive ions are driven by the radial electric field to the surface of tube, where they are deposited as positive charge. Thus, the discharge front charges the dielectric surface with positive charges. We note that the positive surface charge tailed the discharge front almost unchanged in the first 360 ns (the time before the falling edge). As the applied voltage starts to fall, the electrons confined by the radial electric field in plasma channel decreases rapidly, and the radial electric field close to the needle electrode switches direction at t=400 ns, as shown in figure 5(b) . Therefore, electrons drift and diffuse to the dielectric surface rapidly, which causes the net surface charge to become negative on the dielectric surface at t=400 ns, as shown in figure 5(a) . Additionally, after the voltage pulse is switched off, the radial electric field decreases, and due to the discharge quenching, the net charge density on the surface decreases.
Influence of the inner diameter on the discharge mechanism
In this section, the investigation focuses on the influence of the inner diameter on the discharge characteristics. As mentioned in the model description, we have carried out simulations for three different parameters (ID=3, 6, and 10), which represent different types of tubes. Firstly, we verify the influence of the inner diameter on the current-voltage characteristics. Figure 6(a) shows the temporal dynamics of the discharge current for different IDs. It is found that the inner diameter of the tube has a negligible influence on the positive discharge current, but it has a significant effect on the negative discharge current. As ID increases, the maximum of the positive discharge remains essentially constant, while the maximum of the negative current decreases and the pulse width of the discharge current becomes longer. As shown in figure 6(b) , the peak current of the positive discharge is about 0.11 A in all cases. Whereas, the maximum current of the negative discharge decreases from −0.10 to −0.13 A while ID increases from 1 to 10 mm. This phenomenon may be attributed to the influence of the inner diameter on the residual charges left by the first discharge. The losses to the inner surface due to radial migration and diffusion is one of the important loss channel for charges. The losses to the surface become much larger and characteristic times to the surface decreases at decreased tube diameter [6] . The increase in ID decreases the losses of charges to the surface. Therefore, the residual charges left by the first discharge increases with increasing ID. Figure 7 shows the spatial and temporal profiles of electron density in the tubes with different IDs. By comparing the case of figure 3 , it can conclude that the discharge structure and dynamics intensively depend on the diameter of the dielectric tube. Firstly, with the increase of tube diameter, the radial geometrical constraint of tube on the discharge becomes weaker during it propagating inside the tube. And the discharge propagates along the inner surface of the tube with a donut shape, even if the discharge is far away from the needle electrode. Particularly, it is important to note that the tubular structure of the discharge can be obtained by using the bigger ID tubes. Secondly, as shown in figure 7 , the width of the discharge front increases with the increasing propagating distance, which can greatly affect the propagation of the discharge. Comparing with the case of figure 3 , the length of the discharge can be effectively increased by increasing ID.
To detailed analysis, figure 8 shows the radial profiles of electron density and positive ions density in the plasma channel at axial position z=30 mm and at t=400 ns (when the negative discharge current reaches its peak) for different types of tubes. The increment in ID can induce a decrease in the electron density in the plasma. While the width of the discharge increases with the increasing ID. For the case of ID=1 mm, the maximum electron density is on axis (r=0). For the case of ID=3, 6, and 10 mm, the maximum electron density appears in different off radial axis distance, the distance is depended on the ID, and it increases with the increasing ID. In the plasma bulk, the positive ions and electron density are very close. Close to the surface, the electron density decreases rapidly and the positive ions density is much higher than the density of electron, which means that a sheath is formed. Interestingly, the thickness of the sheath increases when ID increases from 1 to 10 mm.
The distribution of electron density for the tubes with different IDs depends on the electric field in the discharge front. Figure 9 shows the spatial distribution of electric field at t=400 ns for the tubes with different IDs. For the case of ID=1 mm, the maximum of electric field in the discharge front is located on the axis, resulting in the peak electron density on the axis. For the other cases (ID=3, 6, and 10 mm), the maximum electric field shifts to some distance off axis, which increases with increasing ID. Due to the enhancement of the electric field at the inner surface of the tube, the discharge tends to propagate along the inner surface, and the discharge structure is tubular with peak of electron density close to the inner surface. For lager ID, we note that the electric field in the discharge front decreases, which lead to the decreases of electron density in the plasma channel as shown in figure 8 .
To further discuss the influence of the diameter on the propagation of the discharge, the position of the discharge fronts as a function of the time in different tubes (ID=1, 3, 6, and 10 mm) are plotted in the figure 10 . In all cases, the propagation distance increases as time during the voltage-on phase. And the propagation of the discharge front slows down and stops while the applied voltage is turn off. From the 30 mm axial location, the effect of the tube diameter on the propagation of the discharge becomes gradually obvious, and the discharge front propagates faster as ID increases. It should be noted that the length of the discharge increases while the ID increases from 1 to 3 mm, and with further increasing ID, the length of the discharge increases slowly and will reaches its saturation at about 57 mm. In the cases of ID=6 and 10 cm, the position of the discharge front versus time is very close to each other. This observation can be attributed to the net effect of the width of the space charge layer and the electric field in the discharge front. The propagation velocity of discharge front is mainly proportional to the production of the width of the space charge layer and the ionization frequency in the discharge front [10] . With ID increasing from 6 to 10 mm, the width of the space charge layer increases and the electric field (and then ionization frequency) in the discharge front decreases. The effect of the space charge layer and the electric field conflicts and the net effect on the propagation of discharge may be neglected.
Simultaneously, besides the above results, we also verify the influence of the inner diameter of the tube on the density of the charge deposited on the dielectric surface. Figure 11(a) shows the axial profiles of the surface charge density σ in different tubes at t=400 ns. The length of discharge at 400 ns increases from 40 mm in the case of ID=1 mm to 50 mm in the case of ID=10 mm. Whereas, the charge deposited on the surface for the tubes with different IDs is mainly distributed in the region from 0 to 40 mm. Far away from the needle electrode, the discharge propagates in the dielectric tube without making contact with the surface ( figure 7) . The discharge front is kept at a larger standoff distance from the inner surface for the tube with a bigger ID. Lower positive ions are driven to the surface of the tube, and deposited on it as surface charge. Meanwhile, the variation of the inner diameter between the tubes with different IDs in the region 0-10 mm (close to the needle electrode) is small. Thus, it can be seen that the effects of ID on the axial distributions of the surface charge density occurs mainly in the region from 10 to 40 mm. It is also interesting to note that the surface charge density is sensitive to the inner diameter of the tube. In the region from 10 to 40 mm, the surface charge density is inversely proportional to the ID, and a lower surface charge density can be obtained by using a bigger ID. More specifically, the linear charge density τ (the total charge per unit length in the axial direction) can be calculated by the formula 'τ=σ2πr'. A comparison of the axial profiles of the linear charge density for ID=1, 3, 6, and 10 mm at t=400 ns is given in figure 11(b) . The inner diameter has a negligible effect on the linear charge density deposited on the surface. A modest differentiation of the linear charge density for different types of tubes is observed in the region 30<z<40 mm. The insensitivity of the linear charge density to the inner diameter is in accordance with simulations by Bourdon [22] .
Conclusion
Based on a 2D (axisymmetric) fluid model, a computational study of an atmospheric pressure helium discharge propagating in a dielectric tube was conducted. Emphasis was placed on the dependence of the discharge characteristics on the tube diameter. Results of the simulation are as follows:
(1) Two discharge current pulses during one positive voltage pulse was obtained. The positive discharge current was hardly affected by the variation of tube diameter, while it has a considerable effect on the negative discharge current. (2) The restriction of the tube on the discharge, which can influence the discharge structure, deceases as the discharge propagates in a dielectric tube with a linear increasing diameter (1 mm to ID). Far away from the needle electrode, the structure of the discharge front transitions form a solid disk profile (ID=1 mm) to a donut-shaped profile (ID=3, 6 10 mm). (3) Variation of ID leads to changes in axial and radial discharge structure, plasma density, propagation of discharge and charge density deposited on the surface. First, with the increase of ID, the tubular structure was much more pronounced, while the electron density in plasma decreased. Second, the propagation length of the discharge first increased and then reached a plateau with increasing the value of ID. Finally, higher value of ID tends to have lower surface charge density, while the tube diameter has a negligible effect on the linear charge density deposited on the surface.
